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Background.

Biochemical compounds are made up largely of relatively reduced carbon and nitrogen.

Today, these compounds are produced biogenically. Most theories for the origins of life depend

on the synthesis of reduced carbon/nitrogen compounds from which self-replicating molecules

(von Kiedrowski, 1986; Zeilinski et. al., 1987; Inoue et. al., 1984; Horowitz et. al., 1962; Eigen

et. al., 1979; Kuhn et. al., 1981), membranes (Deamer et. al., 1980; Morowitz et. al., 1988; King,

1990; Deamer et. al., 1982; Koch, 1985), or surface metabolites (W_ichtersh_iuser, 1988;

W_ichtersh_iuser, 1990; Drobner et. al., 1988; W_ichtersh_iuser, 1988; Ingmanson et. al., 1977;

Corliss et. al., 1981) can arise. Thus, a__biotic sources of such compounds are crucial to such

theories (Miller, 1974; Morowitz, 1992).

In a reducing atmosphere, electric discharges are sufficient for the fixation of both carbon and

nitrogen (Stribling et. al., 1987; Chang et. al., 1983). However, geochemical evidence seems to

point to a non-reducing atmosphere composed of CO 2, N 2, and H20 (Chang et. al., 1983;

Walker, 1985; Gregor et. al., 1988; Wood et. al., 1989; Kasting, 1987; Holland, 1989A). In such

a neutral atmosphere, shock heating produces NO and CO (Kasting, 1990). Carbon dioxide and

dinitrogen are relatively oxidized forms of carbon and nitrogen. They are also, especially for

nitrogen, among the less reactive forms. Processes for the prebiotic synthesis of the "starting

materials" of life need to accomplish two feats. One, supply a source of reducing equivalents.

Two, overcome the low reactivity of carbon dioxide and dinitrogen.

One source of reducing equivalents is iron sulfide and iron oxide particles such as troilite (FeS)

and magnetite (Fe304). Tectonic and/or volcanic activity was much higher on the early Earth than

now (Windley, 1976; Turcotte, 1980). In addition, given much smaller or nonexistent continental

masses (Windley, 1976; Windley, 1977), a greater proportion of this activity was in marine

environments. Hydrothermal systems release large amounts of aqueous Fe +2 and H2S. Most of

the Fe +2 is precipitated, by the S -2, as iron sulfides (Holland, 1973; Walker et. al., 1985; Drever,

1974; Veizer, 1978). Thus, one expects iron sulfide particles to be commonly associated with

hydrothermal systems in the early ocean. Oxidation of aqueous Fe +2, photochemical or otherwise

(see below), would produce Fe30 4. Since both magnetite and troilite contain divalent iron,

Fe(II)/Fe(III) represents a redox couple capable of supplying reducing equivalents to reactions

being catalyzed on the surface of such particles. The redox capacity of prebiotic oceans, the

primary source of Fe(II), would far outweigh that of the atmosphere and would have been

continually replenished by volcanic activity (Wolery et. al., 1976; Veizer, 1983; Cloud, 1973).

Additionally, semiconducting particles represent a second source of reducing equivalents.

When in contact with a solution, the bands of a semiconductor will bend to bring the fermi level to

the redox level of the solution (Morrison, 1980; Morrison, 1977). When illuminated, electrons are

excited into the valence band, leaving vacancies (holes) in the conduction band where the electrons

were. For a p-type semiconductor, the electrons are driven to the surface. The energy difference
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betweenwheretheelectronsarriveatthesurface,andthefermi level, is theamountof extra

reducingpoweravailablefrom illumination(thephotovoltage).In areversemanner,n-type

semiconductorsshowanincreasedoxidizingpower.Whenappropriatelysizedsemiconducting
particlesareilluminated,holesandelectronsin thesameparticlecanbedrivento thesurface

separately(M. Graetzel,1983;Bard, 1979;Yesodharaet.al., 1983)to driveelectrochemical

reactionsthatwill notproceedthermally.Theamountof photoelectrochemicalenergy,namelythe
photovoltage,availableto drive suchreactionsdepends,in part,ontheamountof energyusedto

exciteanelectronfromthevalencebandto theconductionband(thebandgap).

Manyiron sulfides(for example,pyrite)andironoxides(for example,hematite)are
semiconducting(Finlea,1988;S.Sakkopoulos,1986;Mishra,1988;Lalvani et. al., 1990;

Danielewskiet.al., 1980).OntheearlyEarth,highlevelsof volcanicactivitywouldhaveyielded
abundantiron sulfideparticlesin andaroundhydrothermalsystems(seeabove).Also, the

geologicalcontextof thefirst compellingevidenceof life indicatesconditionsdominatedby island
volcanismandhydrothermalactivity in ashallowmarineenvironment(Barleyet.al., 1979;

Groveset. al., 1981).This indicatesthatiron sulfideparticlessuspendedin shallowwaters,or

depositedin shallowor tidal sands,mayhavebeenrelativelycommonon theearlyEarth.

Reducingpoweronly indicatesthethermodynamicability to driveareaction.It doesnotprove

thatthereactionwill goatasignificantrate. However,in additionto providingenergy

transduction,semiconductingparticlescanprovidecatalyticsurfacesfor reactions.For example,it
hasbeenshownthatGaAselectrodeswill catalyzetheelectroreductionof carbondioxideall the

way to methanol(Canfieldet. al., 1983).It hasbeenshown(seebelow)thatFeSparticleshave
activitytowardnitrite reduction.

While theelectrochemicalreductionof dinitrogenis notthermodynamicallydifficult, it has

provenkineticallyto benearlyintractable.Additionally,thesolubilityof dinitrogenin waterisnot

significant.Titaniumoxideparticlesin desertsandswill reducegaseousnitrogento ammonia
(Schrauzeret. al., 1983).However,theamountof subaeriallandsurfaceareaon theearlyEarthis

questionable,especiallybecauselandmasseswereprobablyscarceornon-existent(Windley,

1977;.Windley, 1976b).Therearenoexamplesof suchreductionunderaqueousconditions.

However,shockheatingin theatmospherecansolvepartof ourproblem. In aN2/CO2
atmosphereshockheatingwill produceNO (Kasting,1990;Chameideset. al., 1981;Yunget. al.,

1979;Kastinget. al., 1990;Mancinelli et. al., 1988).TheNO would reactwith photochemically-
generatedHCO to produceHNO ( Mancinelli et.al., 1988).HNOis solubleandwouldbe rained

into theoceans.In theoceanNO-, fromthedissociationof HNO, caneitherdisproportionate,or

reactwith NO to form N20, NO2-,NO3-. Thuswecanconsidermethodsto reducenitrateand
nitrite,bothof whicharesolubleandmorereactivethandinitrogen.

Kinetically,thedirectreductionof carbondioxideisafairly tractableproblemcomparedto the
reductionof dinitrogen. Carbondioxidehasgoodsolubilityin aqueoussolution. The
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electrochemical reduction at poorly catalytic surfaces tends to lead to formic acid as a product and

requires large overvoltages (additional voltage, past what is needed thermodynamically, applied to

increase the rate) to get good rates (Paik et. al., 1969; Russell et. al., 1977; Kapusta et. al., 1983;

Teeter et. al., 1954; Ito et. al., 1975; Udupa et. al., 1971). At catalytic surfaces, carbon dioxide

has been reduced to carbon monoxide, methanol, and methane (Summers et. al., 1986; Frese et.

al., 1988; Summers et. al., 1988; Kim et. al., 1988; Summers et. al., 1988). Semiconductor

electrodes have been shown to reduce carbon dioxide to carbon monoxide, formaldehyde, formic

acid, and methanol (Canfield et. al., 1983).

Other semiconducting minerals have been shown to photoreduce carbon dioxide to

formaldehyde (Halmann et. al., 1981). In addition to several minerals of exceedingly low

geochemical abundance, iron rich clays, whose abundance on the early Earth is hard to predict,

were studied. In the latter case the kinetics of the reduction were not studied, nor was the effect of

environmental factors (see below) considered (Halmann et. al., 1981). Also, the pH's were

probably below 4 (The actual pH's were not reported but reactions were run in a carbon dioxide

saturated aqueous suspension. The pH of a carbon dioxide saturated aqueous solution with no

added bicarbonate, or other source of alkalinity, is -3.9.)which would be too low for most

estimates of early oceanic pH's (Walker, 1983). It has also been reported that aqueous Fe +2 will

photoreduce carbon dioxide to formaldehyde at pH 3 (Akermark et. al., 1980). Again, this pH is

too low for estimates of pH in the early ocean (Walker, 1983). Reports of aqueous Fe +2

photoreduction of carbon dioxide at pH 6.3-7.5 (Finlea, 1988) have been retracted (Borowska et.

al., 1992). It has been reported that FeCO 3 will reduce carbonate to "organic compounds" (Joe et.

al., 1986). However, no experimental details, kinetics, or product identification are provided.

An opportunity arises if one semiconductor can be found to reduce both carbon dioxide and

nitrite/nitrate under the same conditions. Under such conditions it is possible that carbon and

nitrogen containing intermediates may combine on the surface to produce carbon-nitrogen

compounds. For example, combination of S-CH and S-N, both intermediates in carbon dioxide

and nitrogen reduction, where S=surface (Weatherbee et. al., 1982; Summers et. al., 1988; M.

Boudart et. al., 1984; Morikawa et. al., 1971), may produce HCN.

Another issue that needs to be addressed is the importance of environmental factors on the

reactions in question. The temperature of the early ocean at the time of life's origin is unknown

and would probably have varied significantly over the surface of the planet and possibly over time

(Ernst et. al., 1983). The pH of the oceans is likely to have ranged anywhere from 6 to 8 (Walker,

1983). While the composition of sea water on the early Earth is not known, it almost certainly was

not pure water and contained dissolved salts as it does today. Such species may promote or poison

reactions. In particular, anionic species may bind to the surface and block catalytic sites. Higher

concentrations of carbon dioxide, and related concentrations of bicarbonate, are also factors that

need to be addressed. To be useful for theories on the origins and evolution of life any study will

4



have to consider and address such factors.

Conversely, how reactions work under different sets of conditions is also important in

evaluating the importance of those reactions on the early Earth. Kinetic data, and analysis and

modeling of such data, in the context of the organic geochemistry and chemical evolution of early

seawater, will have implications in the evaluation of various formation processes. Such analysis is

crucial to understanding how such processes fit into an over-all understanding of the origin of life.

A final question of importance is, how will the routes outlined above for carbon and nitrogen

fixation lead into subsequent steps in the origin of life? Fixation of nitrogen is one in a series of

separate processes, each of which is interlinked with the next (similar to natural systems today).

The products of fixation need to be combined to form more complex species necessary for proto-

cellular structure, information storage/transference, etc.. Finally, all this needed to be combined to

form a "proto-metabolism" for the first organism.

To make the study of the origin of life tractable, such steps are often broken down into

individual problems which are then studied independently. However, regardless of what

reservoirs or concentration mechanisms may have been in existence, in general reactions had to

occur in the same place and under the same conditions (ie. the origin of life is a "one-pot

synthesis"). How will these reactions interact with each other? Do they interfere with each other?

Can they occur under the same (prebiotically plausible) conditions?

One such situation is the use of ammonia from the reduction of nitrite to ammonia in the

Strecker Synthesis, reaction 1 (March 1985; Chang 1993). However, as discussed above, both

reactions need

H2CO + HCN + NH 3 -9 CH2(NH2)(CO2H ) (1)

to occur together. What effect will the presence of Fe(II) have on the Strecker synthesis? What

effect will CN- have on the reduction of NO 2- to NH 3 by Fe(II)? Will complexation of the

cyanide to the iron deactivate one or the other (or both)? Will both of the reactions proceed under

the same conditions? Conversely, could a Fe(CN)n +(2-n) type species provide some beneficial

effect, either for the reduction of nitrite/nitrate or for the formation of amino acids?

The oxidation state of prebiotic environments is uncertain. We need to be able to show how

fixation of nitrogen and carbon could have occurred under all oxidation states permitted by

available evidence. If we can establish viable abiotic routes for the fixation of carbon and nitrogen

in a prebiotic environment containing a neutral (non-reducing) atmosphere we will have extended

our ability to understand how life might have originated under such conditions. Then theories on

the origin of life need not be tied down to one set of environmental/geochemical conditions

necessary for any individual source of fixed nitrogen/carbon. The objectives of this work do not

address the issues surrounding endogenous formation of organic material vs exogenous delivery



(Chybaet. al., 1992). However,suchacomparisoncannotbemadeuntil theavailablepathways

andratesof endogenousformationarebetterunderstood.Also,suchprocessesareimportantfor

anunderstandingof theearlygeochemistryof theearlyEarthandperhapsalsootherplanets.

Results.

REDUCTION OF CARBON DIOXIDE.

Colloidal suspensions of FeS and FeS 2 were irradiated under 1 atm of carbon dioxide at pH's

of 4 to 7.6. (pH > 7.6 can't be reached under 1 atm carbon dioxide because of the limitations of

sodium bicarbonate solubility) Because of the shift of band edges to higher energy, quartz tubes

were used as reaction vessels. After irradiation for 2-3 days, the samples were analyzed for formic

acid and/or formaldehyde. Under most conditions, no evidence for carbon dioxide reduction was

observed. Irradiation of pyrite at pH 7.6 did produce levels of formate that were slightly above

background (0.2 ppm vs 0.06 ppm). This increased level could be real, or it could be due to

variations in the the formate background of unknown cause.

Irradiation of pyrite at pH 4 produced Fe203, but no formaldehyde or formic acid. The

formation of hematite occurs by the sacrificial photooxidation of the iron in pyrite. This raises the

question of what species was reduced. A likely possibility is disproportionation of the pyrite which

is consistent with the lack of formate and formaldehyde. Another possibility is the reduction of

either water or carbon dioxide to hydrogen or carbon monoxide respectively.

In the time remaining in the period, the experiment at pH 4 will be checked for the formation of

hydrogen or carbon monoxide. Additionally, the formation of format at pH 7.6 will be also be

checked by the use of C 13. In a typical experiment, a colloidal suspension will be prepared under

nitrogen as previously described (see above). Under nitrogen, the appropriate amount of

Na2C 1303 will be added. Then the tube will be evacuated and an appropriate amount of HCI will

be injected. Enough carbonate and acid will be used so that the final pH and partial pressure of

carbon dioxide are 7.6 and 0.8 atm respectively. The sample will be irradiated with a medium

pressure mercury arc lamp in a quartz vessel. Then the carbonate will be neutralized with a

minimum of HC1 and purged with nitrogen to remove unreacted carbon dioxide (formic acid has a

boiling point almost identical to water so loss of formic acid will not be a problem). The solution

will then be made strong alkaline and the water is distilled off (as long the solution is kept at room

temperature, loss of ammonium formate is not a problem). The ammonia formate residue will then

be treated with a derivitizing agent (N-Methyl-N-t-Butyldimethylsilyl Triflouroacetamide with 1%

t-Butyldimethylchlorosilane) and analyzed by GC-MS. The procedure will be checked with

unlabeled carbonate and authentic sample of formate first to make sure that C 13 isn't wasted.

REDUCTION OF NITROGEN.

Nitrite Reduction and the Strecker Synthesis.

Work on the compatibility of the reduction of nitrite to ammonia by iron(II) and the Strecker
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synthesiswasalsocarriedout. Thequestionsof whethertheproductionof ammonia by nitrite

reduction by Fe(II) can feed into the Strecker, or cyanide interferes with nitrite reduction and/or

iron interferes with the Strecker synthesis was addressed.

The formation of ammonia from the reduction of nitrite by Fe +2 was compared with nitrite

reduction by Fe(CN)6-4. A typical experiment involved stirring 20 mM NaNO 2 and 16 mM

KFe(CN) 6 at room temperature, pH 8, and under nitrogen for 3 days followed by analysis for

ammonia and nitrite by ion chromatography. No ammonia was detected indicating that complete

complexation of Fe +2 prevents nitrite reduction. Lowering the pH, to protonate cyanide ions and

make them unavailable for binding to iron, doesn't help until the reaction mixture is too acidic for

ammonia formation (Summers et. al., 1993).

The formation of ammonia by Fe +2 in presence of different amounts of added cyanide was

also studied. In a typical experiment 12 mM of FeCI 2 and 0.32 M NaNO 2- was stirred under

nitrogen at pH 8 and room temperature and analysed for ammonia after 2 hours and 24 hours.

When a cyanide/iron ration was less than 4: I, ammonia is formed. As the cyanide/iron ration

increases over the O: 1 to 4:1 range, a steady decrease in the product distribution away from

ammonia is observed. At ratios of less than 2:1, the effect is small. At cyanide/iron ratios of 4:1,

or greater, ammonia is not formed. At a ratio of 4:1 we get to a Fe[Fe(CN)6]2 -6 where two

Fe(CN)6-4 can bind facially to a Fe +2. This completely blocks coordination of the Fe +2 and

prevent reduction of nitrite.

The formation of ammonia from nitrite in the presence of cyanide doesn't appear to be a

problem on the early Earth. Cyanide would be formed in the atmosphere (Bar-Nun et. al.; Zahnle;

Wen et. al.) and rained into the oceans (which the presence of banded iron formations indicate

were iron rich, Holland, 1973; Walker et. al. 1985; Derry et. al.; Holland, 1989B). The situation

was one where cyanide was essentially being "titrated" into an ocean with excess quantities of iron.

This implies cyanide/iron ratios of less than 1:1. Under such conditions, the change in the

reduction of nitrite to ammonia is small.

Work also focused on the question of whether the Strecker synthesis can be carried out in the

presence of iron(II). Typical experiments consisted of following the formation of glycine,

iminodiacetic acid, and glycolic acid as a function of time. The reaction mixture consisted of;

cyanide, formaldehyde, and ammonia (either at 0.1 M or 0.1 mM) in the presence of different

amounts of added Fe +2. The presence of iron in almost any quantity, up to a 10 fold excess, does

not interfere with the formation of glycine. The formation of glycolic acid, a side product, is also

unaffected. The formation of iminodiacetic acid (another side product) appears to be decreased by

the presence of iron, but only in more concentrated solutions. This may be due to a larger fraction

of the glycine formed in the reaction being complexed at higher ferrous iron concentrations,

preventing it from reacting further to form iminodiacetic acid. It appears that the Strecker

synthesis has little sensitivity toward whether the cyanide it uses is free or bound to a metal center.



Finally,theactualcombinationof thenitritereductionandtheStreckersynthesisin theformation
of aminoacids(reaction2) wasdemonstrated.A reactionmixtureof nitrite, iron(II) (Fe+2 or

H2CO + HCN + 6 Fe +2 + 7 H20 + NO 2-

---) 3Fe20 3 + 11 H + + CH2(NH2)(CO2H ) (2)

FeS), cyanide, and formaldehyde formed glycine and iminodiacetic acid at levels comparable to

control reactions using ammonia.

Sources and Sinks for Nitrite and Ammonia.

An analysis of the sinks and sources of nitrite and ammonia was conducted. In addition to

providing a more detailed analysis than had been presented in earlier papers (Summers et. al.,

1993), the analysis also addressed the impact of the reaction of nitrite with ammonia (ie with it's

own reduction product, Rubin et. al., 1987) on the importance of nitrite reduction as a source of

reduced nitrogen. It had been claimed that such "back reaction" of nitrite and ammonia means that

the formation of ammonia from nitrite could not have been an important prebiotic source of

ammonia.

At 25 °C, pH 7.6, and 0.2 atm CO 2, it was determined that the most significant sink for nitrite

is reduction by Fe +2 to ammonia. The reduction is slightly slower than the rate of mixing

between the upper layer and the deeper portions of the ocean so steady state nitrite concentrations

are the same in both layers. Destruction at hydrothermal vents and back reaction with ammonia are

both not significant (esp. back reaction). Photochemical destruction, as a "worst case", is possibly

important.

From 5 °C to 100 °C, the predominate sink for nitrite was again found to be reduction by

ferrous iron. As the temperature increases, the rate of reduction increases and the steady state

concentration of nitrite begins to drop, first in the lower depths as more and more nitrite is reduced

before it can be mixed down, and then at the surface. Below 5°C, the nitrite concentration at depth

is high enough that destruction in hydrothermal systems is the predominate sink for nitrite. The

rate of back reaction is less temperature dependant than the rate of reduction and it's relative

importance as a sink declines with increasing temperature. Hydrothermal destruction begins to fall

as soon as steady state concentrations in deeper waters decrease. Worst case photolysis drops as

the steady state concentration in near surface waters decreases, becoming less important than

reduction regardless of conditions.

The concentration of Fe +2 is inversely proportional, because it is fixed by solubility of

Fe(CO3), to the carbon dioxide partial pressure. Reduction of nitrite was found to be fast enough,

to at least a carbon dioxide partial pressure of 1 atm, to remain the most significant sink for nitrite.

At partial pressures greater than 0.01 atm, worst case photolytic destruction could be important.

Other sinks, esp. back reaction, remain unimportant at all pressures. Below a partial pressure of
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-0.3 atm,therateof reductionis fastenoughto depletethelower levelsof the ocean in nitrite.

The reduction of nitrite falls off sharply below pH 7.3 (Summers et. al., 1993). Below this

value destruction at hydrothermal vents were found to be the predominate sink. Worst case

photochemical destruction is also a possibly significant sink. As the pH increases above 7.6 (the

maximum for nitrite reduction) the rate of reduction falls off. Above pH 7.3, reduction is the

primary sink until -8.5 when the destruction of nitrite in hydrothermal systems becomes more

important. The worst case for photolysis indicates that this sink may also be important. In all

cases, back reaction doesn't appear to be an important sink.

At 25 °C, pH 7.6, and 0.2 atm CO 2, the primary sink for ammonia was determined to be

photochemical destruction in the atmosphere. For ammonia, sinks are slower than mixing between

the upper and lower layers of the ocean. Destruction in the atmosphere remains the primary sink at

all temperatures. Back reaction is the least important sink. At different partial pressures of carbon

dioxide, the most important sink is also photochemical destruction. The rate of back reaction

doesn't vary but, because the concentration of nitrite decreases as CO 2 partial pressure decreases,

so does the importance of the sink.

The formation of ammonia was extrapolated to more acidic conditions to illustrate how pH

might affect various sinks and the ammonia concentration. Over pH's that reduction by Fe +2

occurs, the primary sink is again photochemical destruction. Destruction at hydrothermal vents

and by back reaction is unimportant. At acidic pH's, photochemical destruction in the atmosphere

falls off as more the ammonia is present as NH4+ and less NH 3 equilibrates into the atmosphere to

be destroyed. Eventually the rate of destruction by hydrothermal vents become more important

than photolysis.

Thus, under most conditions, the primary fate of nitrite was found to be reduction to ammonia.

The primary sink for ammonia was found to be photochemical destruction in the atmosphere. At

25 °C, pH 7.6, and 0.2 atm CO 2 nitrite and ammonia have steady state concentrations of 3 x 10 -8

M and 2 x 10-6 M respectively. In all cases reaction of ammonia with nitrite does not appear to

be an important process.
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